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Probability and heritability estimates on
primary osteoarthritis of the hip leading to
total hip arthroplasty: a nationwide
population based follow-up study in Danish
twins
Søren Glud Skousgaard1,3,4* , Jacob Hjelmborg2, Axel Skytthe2, Lars Peter Andreas Brandt1,4, Sören Möller2
and Søren Overgaard3,4
Abstract
Introduction: Primary hip osteoarthritis, radiographic as well as symptomatic, is highly associated with increasing
age in both genders. However, little is known about the mechanisms behind this, in particular if this increase is
caused by genetic factors. This study examined the risk and heritability of primary osteoarthritis of the hip leading
to a total hip arthroplasty, and if this heritability increased with increasing age.
Methods: In a nationwide population-based follow-up study 118,788 twins from the Danish Twin Register and 90,007
individuals from the Danish Hip Arthroplasty Register for the period 1995 to 2010 were examined. Our main outcomes
were the cumulative incidence, proband-wise concordance and heritability on age, within-pair correlations in
monozygotic and dizygotic twin pairs, and the genetic and environmental influence estimated in models taking
into account that individuals may not have had a total hip arthroplasty at the time of follow-up.
Results: There were 94,063 twins eligible for analyses, comprising 835 cases of 36 concordant and 763 discordant
twin pairs. The probability increased particularly from 50 years of age. After sex and age adjustment a significant
additive genetic component of 47 % (12:79), a shared environmental component of 21 % (2:76) and a unique
environment component of 32 % (21:41) accounted for the variation in population liability to total hip arthroplasty. The
sex-adjusted proband-wise concordance and heritability on age indicated an increasing age-associated genetic
influence onwards from 60 years of age.
Conclusion: The cumulative incidence in primary hip osteoarthritis leading to total hip arthroplasty increases in particular
after the age of 50 years in both genders. Family factors of genes and shared environment are highly significant and
account for 68 % of the variation in the population liability to total hip arthroplasty; however, the genetic influence
increases significantly from 60 years of age onwards.
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Introduction
Osteoarthritis (OA) is one of the major causes of mobility
disability and loss of work days or employment causing
substantial health and economic burdens to the individual
as well as public healthcare resources [1, 2] Patients with
primary OA of the hip are regularly encountered in the
clinic; however, the radiographic findings may often be
inconsistent with the clinical presentation [3–5]. From a
clinical point of view, cases with nonsymptomatic radio-
graphic hip OA are less relevant in contrast to cases with
total hip arthroplasty (THA), as the latter represents a
severe disease burden and a well-defined outcome [5, 6].
Although studies on hip OA prevalence, both radio-
graphic and symptomatic, are numerous [7], studies on
hip OA incidence are relatively few. Some examine hip
OA incidence related to acetabular dysplasia or proximal
femur shape, but only a few examine symptomatic hip
OA incidence [8, 9].
Painful hip OA is a multifactorial complex disease con-
sidered to be caused by environmental and genetic factors
[10]. Environmental risk factors frequently referred to in-
clude occupation, hip joint straining work tasks, body mass
index (BMI), previous joint injury, and sports [11–15].
Sibling and family studies have pointed at a strong
genetic and family predisposition, but these studies can-
not discriminate genetic from common environmental
components [16–18]. However, the classical twin design
(CTD) offers an opportunity to differentiate the relative
influence and magnitude of genetic and environmental
components on a particular disease or trait [19]. Few
twin studies on the heritability of hip OA have been
published so far. In two studies on healthy female twins,
MacGregor et al reported a genetic component in radio-
graphic hip OA with a narrow sense heritability (variation
caused by additive genetic components) of 58 and 28 %,
respectively [20, 21]. In a twin study on white American
ex-service men Page et al reported an additive genetic
component accounting for 53 % in the liability to THA
[22]. These twin studies were cross-sectional, the selected
twin populations did not include both sexes and none
reported the presence of a common environmental com-
ponent in hip OA.
Patients with symptomatic and radiographic confirmed
hip and knee OA are liable to considerable co-morbidity
resulting in a higher mortality risk compared to that of
the background population [23]. As this increased risk, as
well as the age-related increase in symptomatic hip OA
[24], may affect the heritability estimates, we decided to
examine Danish twins in a nationwide population-based
time-to-event analysis taking into account the competing
risk of death in the population.
Accordingly, the aims of this study were to examine the
probability and heritability of THA due to primary hip
OA, both sex stratified as well as sex adjusted, in a
competing risk setting, by means of cumulative incidence
function, biometric modeling, and age-related cumulative
heritability.
Material and methods
The study participants were selected from two nationwide
Danish registers: the Danish Twin Register (DTR) and the
Danish Hip Arthroplasty Register (DHR).
The DTR was established in 1954 and comprises approxi-
mately 170,000 twins born since 1870 [25]. After adjust-
ment for infant mortality the completeness of the twin
ascertainment is high with approximately 90 % twins ascer-
tained before and up to 1968, and complete ascertainment
of all live born twin pairs since 1968 [26]. Zygosity of same-
sex twins is assessed by a four-item questionnaire on the
similarity of the two twins, which will classify their zygosity
correctly in 95 % of all same-sex twin pairs [27]. All twin
pairs in the DTR both alive at 1 January 1995 comprised
the study base cohort. Information on sex, date of birth,
zygosity, vital status, and date of death or censoring due to
emigration or end of follow-up was obtained. Excluded
from final analysis were twins with unknown or uncertain
zygosity.
The DHR was established in 1995 and holds information
on primary and revision arthroplasty performed in
Denmark onwards from 1995. The recorded diagnosis for
every surgical procedure is based on International Classifi-
cation of Diseases 10 (ICD10). The diagnosis of hip OA has
been validated with a positive predictive value (PPV) of
94 %, and a completeness of 92 to 96 % based on annual
reports [28, 29]. The information used included diagnosis
and date of operation from the period 1 January 1995 to 31
August 2010. Individuals with THA due to other causes
were excluded. In individuals with more than one admis-
sion care was taken that a case was included only once; i.e.,
an individual with bilateral THA with two separate and
subsequent recordings was not included twice. After exclu-
sion the final twin study cohort was created by means of
the Danish civil registration number by which the two data
files were merged. The Danish civil registration number is
unique to each Danish citizen comprising a ten digit num-
ber holding information on date of birth and sex of the
individual. The final study cohort comprised monozygotic
(MZ), same-sex dizygotic (SSDZ), and opposite-sex dizyg-
otic (OSDZ) twins. A case was defined as a twin, who had
had a THA with the recorded ICD10 diagnosis of M160
and M161, independently of co-twin status.
Ethics
This study was reviewed and approved by The Regional
Scientific Ethical Committees for Southern Denmark
and The Danish Data Protection Agency, and permission
was granted to use the relevant data from the DHR and
the DTR with no patient consent needed.
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Statistical analyses
The analyses included descriptive summaries and biomet-
ric modeling of genetic and environmental components
taking time to THA into account. The CTD is based on
the assumption that MZ twins have identical genotypes,
whereas both SSDZ and OSDZ twins share on average
one-half of their segregating genes as ordinary siblings. If a
markedly greater phenotypic similarity in MZ twin pairs
compared to that of DZ twin pairs is observed, a genetic
influence on the disease in question can be inferred [19].
The similarity in MZ and DZ twin pairs was assessed by
means of case-wise and proband-wise concordance rates,
and tetrachoric correlation coefficients, reflecting the mag-
nitude of the relative influence of genetic and environmen-
tal effects [19, 30]. The concordance rates reflect the
probability of one twin having the disease in question, con-
ditional that the co-twin is affected. A phenotypic variation
in a twin population can be separated into additive (A) and
nonadditive (D) genetic variation, and common (C) and in-
dividual (E) environmental variation based on the defined
underlying correlation structure in a twin population [19].
Based on the polygenetic liability-threshold model [30],
broad sense heritability (H2) is a measure of the proportion
of the variance in liability to a disease or trait caused by
additive and nonadditive genetic effects.
The sex-stratified and sex-adjusted model fitting in-
cluded saturated models, and submodels composed of the
variance components ACE, ADE, AE and CE. As for com-
parison between the non-nested models, the Akaike’s In-
formation Criterion was used, and for comparison between
nested models the log likelihood ratio test was used.
The cumulative incidence function (CIF) is estimated
for the competing risk situation [31, 32]. If an individual
is at risk of experiencing more than one event, each
affecting the other, these events are termed competing
risks. We used CIF to estimate the probability of getting
a THA, adjusted for the competing risk of death, by
means of an illness–death model with three states corre-
sponding to “healthy”, “diseased” and “dead”. The transi-
tion probabilities describe the probability that a healthy
individual at a later time will be diseased or dead [33].
In a time-to-event analysis with competing risks only a
proportion of the observations are known at follow-up,
individuals appearing as noncases may become cases,
but at a future time point we do not know, or may be
lost to follow-up due to emigration. This is termed right
censoring, and we used the liability-threshold modeling
with inverse probability weighting analyzing the twin
data [34–36]. The analyses were carried out using bivari-
ate probit models for twin data implemented in the R
Mets-package (https://cran.r-project.org/web/packages/
mets/index.html). For comparisons between groups a
two-tailed t test or likelihood ratio chi-squared test was
used as appropriate. A p-value equal or less than 0.05
was considered significant and confidence intervals (CI)
were expressed as 95 % CI. Calculations were carried
out in the statistical software R and Stata11.
Results
The 1995 twin cohort comprised 59,394 twin pairs alive
in 1995. The DHR, by 31 August 2010, comprised the
records of 90,007 individuals of which 68,606 individuals
had primary hip OA (76 %). The number of twins that
had a record in the DHR was 1196; of these twins, 917
(77 %) had the diagnosis of primary hip OA. After exclu-
sion, the final study cohort comprised 94,063 twins of
whom 835 were cases comprising 36 concordant (both
twins are affected) and 763 discordant twin pairs (only
one is affected) (Fig. 1). In 41,856 twin pairs both twins
were alive at follow-up, while in 1891 twin pairs both
twins had died, and in 6569 twin pairs only one twin
was alive at follow-up. The fraction of the population
censored comprised 84–85 % in MZ and SSDZ twins,
and 91 % in OSDZ twins. Basic description and distribu-
tion by zygosity, THA, sex, and vital status is displayed
in Table 1.
The twin cases comprised 428 females and 407 males
with THA, p = 0.2. Mean age was significantly higher in
females (66.7 years; 66.8:68.6) compared to males
(65.7 years; 64.8:66.6; range 33 to 94 years of age in both
genders; p = 0.002).
Concordance and tetrachoric correlations
When including only complete pairs alive at follow-up,
the differences in MZ and DZ pairs with respect to the
number of concordant pairs indicated a genetic compo-
nent in both genders. These findings were supported by
the difference in tetrachoric correlation coefficients in
MZ and DZ twin pairs of both genders further indicat-
ing the presence of a genetic component in both females
and males. The correlation in the SSDZ twin pairs did
not exceed that of the OSDZ twin pairs (Table 2).
Cumulative incidence
From the age of 50 years an incidence increase was de-
tectable in both genders peaking four- to fivefold at the
age of 85 years without significant sex difference (Fig. 2).
Proband-wise concordance rates on age
Figure 3 displays the sex-adjusted proband-wise condor-
dance rate, expressed as age-dependent increase in the
MZ–DZ differences, indicating an increasing genetic
influence.
Prevalences, tetrachoric correlations and case-wise
concordance rates
Equal prevalence in MZ and DZ twin pairs in all
models was observed. In all models estimating a genetic
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component, sex-stratified and sex-adjusted, both tetra-
choric correlations and case-wise concordant rates were
markedly higher in MZ compared to DZ twins, under-
lining the presence of a genetic component (Table 3).
Biometric modeling
The first model in Table 3 displays the broad sense herit-
ability in the saturated model (all co-variances are treated
as free parameters), reflecting the proportion of variance
attributable to genetic factors. Sex-stratified, the genetic
factors seem to be more pronounced in males than in
females; however, sex adjustment reduced the broad sense
heritability estimate to 47 %. In the sex-adjusted saturated
model the DZ correlation was markedly larger than half
that of the MZ correlation underscoring the presence of a
common environmental component. Both the sex-adjusted
ACE and AE models accounted well for the data. However,
the observed difference in DZ–MZ correlations (that is,
Table 1 Distribution by zygosity, sex, THA and vital status
THA by zygosity Distribution by sex Distribution by vital status
Zygosity Males (n) Females (n) (%) Total by sex (n) Males alive (n) Males dead (n) Females alive (n) Females dead (n) Total by vital
status (n)
MZ + THA 88 90 (51) 178 71 17 72 18 178
MZ – THA 9861 10,288 (51) 20,149 8671 1190 9059 1229 20,149
DZ + THA 184 189 (51) 373 141 43 155 34 373
DZ – THA 18,015 16,975 (49) 34,990 15,417 2598 14,486 2489 34,990
OS + THA 135 149 (52) 284 120 16 136 12 284
OS – THA 19,005 19,084 (50) 38,089 17,491 1514 17,892 1192 38,089
Total 47,288 46,775 (50) 94,063 41,911 5378 41,799 4974 94,063
DZ same-sex dizygotic, MZ monozygotic, OS opposite-sex dizygotic, + THA Total hip arthroplasty, – THA No hip arthroplasty
DHR:
Number of patientes with THA
(n = 90,007)
Excluded:
Individuals with THA, 
but without primary hip 
OA (n = 21,401)
Twin study cohort: 94,063
Twins with primary THA due to hip OA (n = 835), and
Twins without primary THA due to hip OA (n = 93,228) 
DTR:
Twins with known 
zygosity 
(n = 94,063)
DTR: 
Twins alive 1 Jan 1995 (n = 118,788)  
Excluded: 
Unknown zygosity
(n = 22,103)
Excluded: 
Emigrated 
(n = 2,622)
DHR:
Individuals with THA due
to primary hip OA  
(n = 68,606) 
Merged data – files by  
Danish personal registration 
number as key
Fig. 1 Flow chart of the participating twins. DHR Dansih Hip Arthroplasty Register, DTR Danish Twin Register, OA Osteoarthritis, THA Total hip arthroplasty
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the DZ correlation was markedly larger than half that of
the MZ correlation) strengthened and emphasized the
presence of a common environmental component favoring
the ACE model as the most reasonable and descriptive
model, providing the most likely inference of the data. The
nonadditive component was not significant in any model;
however, A could not be ignored, as fixing A to zero pro-
duced a significantly worse fit (CE model).
Cumulative heritability
The sex-adjusted heritability on age is presented in Fig. 4.
In Fig. 5 the age-related changes in the variance compo-
nents of A, C and E are displayed. The genetic influence
increased from 60 to approximately 75 years of age.
These findings were in accord with both the cumulative in-
cidence and the age-associated increase in the proband-
wise concordance rates reflecting an association between
increasing age and increasing genetic influence. The influ-
ence from common environmental factors appeared hardly
detectable in younger individuals, but more prominent in
the elderly and old.
Discussion
Principal findings
Our study is the largest twin study with the longest
follow up as to disentangle genetic and environmental
factors in symptomatic primary hip osteoarthritis leading
to THA. To our knowledge this is the first study on
twins from nationwide population-based twin data in a
competing risk setting including both same-sex and
opposite-sex twin pairs. The cumulative incidence
showed an increasing risk from 50 years of age, increas-
ing four- to fivefold at the age of 85 years. After adjust-
ment for sex and age our study showed a significant
Table 2 Concordance and tetrachoric correlations
Zygosity Concordant pairs with THA
due to OA n (%)
Discordant pairs with THA
due to OA n (%)
Concordant pairs
without THA n (%)
Total twin pairs in zygosity
groups n (%)
Tertrachoric
correlations (rho)
MZM 10 (0.2) 57 (1.2) 4558 (98.6) 4625 (100) 0.70
DZM 5 (0.1) 148 (1.8) 8107 (98.1) 8260 (100) 0.33
MZF 9 (0.2) 72 (1.5) 4773 (98.3) 4855 (100) 0.66
DZF 5 (0.1) 148 (1.9) 7740 (98.0) 7893 (100) 0.33
OSDZ 7 (0.05) 223 (1.25) 17,602 (98.7) 17,832 (100) 0.41
DZF dizygotic females, DZM dizygotic males, MZF monozygotic females, MZM monozygotic males, OA Osteoarthritis, OSDZ opposite-sex dizygotic twin pairs, THA
Total hip arthroplasty
Age (years)
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Fig. 2 Cumulative incidence. Cumulative incidence for THA in males (red line) and females (black line)
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additive genetic influence attributable to 47 % of the
variation in the population liability to THA due to pri-
mary hip OA; common and unique environmental fac-
tors accounted for 21 and 32 % of this variation,
respectively. However, in terms of family factors, that is
the combined influence of common genes and shared
environment, these factors accounted for 68 % of the
population liability to THA. We found no evidence of a
sex-specific genetic effect, as the tetrachoric correlations
in the SSDZ twin pairs did not exceed that of the OSDZ
twin pairs [19].
Further, our graphical presentation of the cumulative
incidence, proband-wise concordance rate on age, and
heritability on age strongly indicates an association
between increasing age and increasing genetic influence,
in particular from 60 to 75 years of age.
Strengths of our study
In our study both same-sex and opposite-sex twin pairs
were included providing additional information [19], in
contrast to the previously published studies on twins
[20–22]. In each model the basic assumption in the
CTD that the normally distributed underlying liability to
a disease or trait in a population is caused by genetic
and environmental factors was met, expressed as equal
prevalence in MZ and DZ twin pairs [19, 30]. We in-
cluded saturated models with broad sense heritability,
which includes both additive and nonadditive genetic
factors [37–39]. The advantage of modeling broad sense
heritability is that it is simple, and loses no information
as all co-variances are treated as free parameters, and
hence expresses the proportion of the liability to THA
attributable to genetic factors. As a case we used a twin
who had THA independent of co-twin status, which rep-
resents a clinically well-defined outcome [5]. These
patients represent a heavy and significant disease burden
contrary to cases based on conventional radiographic
examination. We used this case definition as studies
defining hip OA cases from radiographic findings with
or without symptoms may encounter some difficulties in
defining their cases as disease severity varies, and the
correlation between symptoms or clinical presentation
and radiographic findings generally is poor [2–5, 10].
Population-based nationwide registers are highly inform-
ative and feasible in follow-up studies involving compet-
ing events, and may provide the opportunity to observe
competing events of a particular interest for several
years in time, and for each sex separately. In our study
the events of interest were the occurrence of THA and
death, as death becomes a competing risk affecting the
possibility of becoming a case. In general, twins are rep-
resentative of the general population with respect to
common complex diseases [40]; correspondingly, our
twin population with a THA did not differ from the
non-twin population (77 versus 76 %). However, a cer-
tain degree of misclassification with respect to the
60 65 70 75 80 85
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Fig. 3 Proband-wise concordance rate by age in THA, sex-adjusted. DZ Dizygotic, Marginal Background incidence, MZ Monozygotic
Skousgaard et al. Arthritis Research & Therapy  (2015) 17:336 Page 6 of 12
Table 3 Prevalences, tetrachorics, case-wise concordance rates, heritability, biometric models and chi-squared test statistics
Model MZ
prevalence
DZ
prevalence
MZr DZr MZcw DZcw Heritability Variance component estimates Chisquare test statistics AIC
A D C E LL Chisquare df p
Men
Saturated
0.06 0.06 0.80 (0.57–
0.91)
0.41 (0.09–
0.65)
0.51 (0.33–
0.70)
0.21 (0.10–
0.40)
0.78 (0.07–
0.99)
– – – – –
621.44
6 1254.88
ACE 0.06 0.06 0.80 (0.57–
0.91)
0.41 (0.09–
0.65)
0.51 (0.33–
0.70)
0.21 (0.10–
0.40)
0.78 (0.07–
0.99)
0.78 (0.07–
0.99)
– 0.02 (0.00–
1.0)
0.20 (0.08–
0.41)
–
621.44
6 1254.88
ADE 0.06 0.06 0.80 (0.58–
0.91)
0.40 (0.32–
0.47)
0.51 (0.34–
0.69)
0.21 (0.16–
0.26)
0.80 (0.60–
0.91)
0.80 (0.60–
0.91)
0.00 (0.00–
1.00)
– 0.20 (0.09–
0.40)
1255.30
AE 0.06 0.06 0.80 (0.58–
0.91)
0.40 (0.32–
0.47)
0.51 (0.34–
0.69)
0.21 (0.16–
0.26)
0.80 (0.60–
0.91)
0.80 (0.60–
0.91)
– – 0.20 (0.09–
0.40)
–
621.65
0.42 2 0.81
CE 0.07 0.07 0.63 (0.44–
0.76)
0.63 (0.44–
0.76)
0.37 (0.26–
0.50)
0.37 (0.26–
0.50)
– – – 0.63 (0.46–
0.77)
0.37 (0.23–
0.54)
–
2921.4
4600 2 <0.0001
Women
Saturated
0.06 0.06 0.72 (047–
0.87)
0.46 (0.15–
0.69)
0.42 (0.25–
0.61)
0.23 (0.11–
0.43)
0.52 (0.07–
0.94)
– – – – –
621.44
6 1254.88
ACE 0.06 0.06 0.72 (0.47–
0.87)
0.46 (0.15–
0.69)
0.42 (0.25–
0.61)
0.23 (0.11–
0.43)
0.52 (0.07–
0.94)
0.52 (0.07–
0.94)
– 0.20 (0.006–
0.91
0.28 (0.13–
0.50)
–
621.44
6 1254.88
ADE 0.06 0.06 0.74 (0.52–
0.87)
0.37 (0.28–
0.45)
0.44 (0.28–
0.61)
0.18 (0.14–
0.24)
0.74 (0.54–
0.87)
0.74 (0.54–
0.87)
0.00 (0.00–
1.00)
0.26 (0.13–
0.46)
1255.30
AE 0.06 0.06 0.74 (0.52–
0.87)
0.37 (0.28–
0.45)
0.44 (0.28–
0.61)
0.18 (0.14–
0.24)
0.74 (0.54–
0.87)
0.74 (0.54–
0.87)
– – 0.26 (0.13–
0.46)
–
621.65
0.42 6 0.81
CE 0.07 0.07 0.66 (0.48–
0.79)
0.66 (0.48–
0.79)
0.37 (0.26–
0.50)
0.37 (0.26–
0.50)
– – – 0.66 (0.50–
0.79)
0.34 (0.21–
0.50)
–
2921.4
4600 2 <0.0001
Sex-
adjusted
Saturated
0.06 0.06 0.68 (0.55–
078)
0.45 (0.23–
0.62)
0.39 (0.30–
0.50)
0.23 (0.14–
0.36)
0.47 (0.12–
0.85)
– – – – –
806.7
2 1621.34
ACE 0.06 0.06 0.68 (0.55–
0.78)
0.45 (0.23–
0.62)
0.39 (0.30–
0.50)
0.23 (0.14–
0.36)
0.47 (0.12–
0.85)
0.47 (0.12–
0.85)
– 0.22 (0.02–
0.76)
0.31 (0.21–
0.44)
–
806.7
– 4 1621.34
ADE 0.06 0.06 0.70 (0.57–
0.80)
0.35 (0.29–
0.40)
0.41 (0.31–
0.51)
0.18 (0.15–
0.21)
0.70 (0.58–
0.79)
0.70 (0.58–
0.80)
0.00 (0.00–
0.00)
– 0.30 (0.21–
0.42)
1622.31
AE 0.06 0.06 0.70 (0.58–
0.79)
0.35 (0.29–
0.40)
0.41 (0.31–
0.51)
0.18 (0.15–
0.21)
0.70 (0.58–
0.79)
0.70 (0.58–
0.79)
– – 0.30 (0.21–
0.42)
–
807.2
0.97 1 0.325
CE 0.07 0.07 0.62 (0.51–
0.71)
0.62 (0.51–
0.71)
0.37 (0.29–
0.45)
0.37 (0.29–
0.45)
– – – 0.62 (0.52–
0.72)
0.38 (0.28–
0.48)
–
2913.8
4214 1 <0.0001
A Additive genetic, AIC Akaiki’s information criterion, C Common environment, D Dominant genetic, DZcw Dizygotic case-wise concordance rate, DZr Dizygotic correlation, E Unique environment, MZcw Monozygotic
case-wise concordance rate, MZr Monozygotic correlation, Saturated Saturated model not including censoring
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diagnosis might occur, but would be nondifferential as
we have no reason to believe that such a misclassifica-
tion would differ between twins and non-twins. The use
of the CIF in our study reflects the age-related probabil-
ity or risk for THA taking right censoring and the event of
death into account. This methodology is increasingly being
applied in medical research, and is preferable to the
Kaplan-Meier method, which assumes that the events are
independent, hence overestimating the event of interest by
censoring the other event(s) [31, 32]. The cumulative inci-
dence curves are intuitively appealing and easy to under-
stand. Finally, the censored nature of the data was
accounted for by applying a liability threshold model
extended with an inverse probability weighting of being
censored [36].
Limitations
Our study has some important limitations. We did not
include radiographic findings, but the diagnosis of hip
OA in the DHR has previously been satisfactorily vali-
dated with respect to completeness and PPV [28, 29].
However, during the last decade an increasing acuity
regarding the premise of the diagnosis “primary” or “idio-
pathic” OA of the hip has unfolded. These deliberations
have been stimulated by the theory proposed by Ganz et
al. in 2003, claiming that most cases of primary hip OA
are in fact secondary due to morphological abnormalities
of the hip joint uniformly termed femeroacetabular
impingement (FAI) [41]. The hypothesis states that these,
sometimes subtle changes are not the consequences of
OA, but rather that these changes indeed are risk factors
for OA of the hip. Two types of FAI have been defined,
the cam-type and the pincer-type. Recently published
studies, however, indicate that cam-type FAI may increase
the risk of hip OA, but, importantly, most cam-type de-
formities remain asymptomatic for a lifetime with a PPV
of 6–25 % for developing hip OA [42]. Pincer-type, on the
contrary, has recently been reported not to constitute a
risk for development of hip OA [43]. Further, there are as
yet few studies examining the prevalence of radiographic
changes in symptom-free individuals and the lack of
uniform diagnostic criteria for cam-type as well as
pincer-type and of long-term prospective follow-up
studies makes it difficult to determine the natural history
of FAI and its relation to hip OA [44]. In a long-term
follow-up study, Hartofilakidis et al. examined 96 hips in
96 asymptomatic patients in the age range from 16 to
65 years with radiological signs of FAI cam, pincer, and
mixed cam–pincer types; 82.3 % of the hips remained free
of OA for a mean of 18.5 years (10 to 40), the remaining
17.7 % developed OA at a mean of 12 years (2 to 28), but
without any statistically significant difference in the rates
of OA development among the FAI groups. The only pre-
dictive covariate for hip OA development was the presence
of idiopathic OA in the contra-lateral hip, causing the au-
thors to conclude that a large proportion of hips with FAI
do not develop hip OA in the long term [45]. The FAI, nei-
ther cam- nor pincer- or mixed-type, have as yet been clas-
sified in the ICD10, but usually are registered by the
diagnosis DM25.5 “Pain in the hip” or DM25.8 “Other
diseases of the hip”. This lack of transparency may con-
stitute a risk in our study to have included twin cases
diagnosed as primary hip OA, but rightly were secondary
OA due to FAI. This, we believe, might have occurred but
to a limited extend, as less than 6 % of the patients in the
DHR 1995–2010 cohort are younger than 50 years of age
and symptomatic FAI is primarily present in younger indi-
viduals often engaged in high-impact physical activities.
However, some degree of diagnostic misclassification has
undoubtedly resulted, but this would be evenly distributed
between zygosity groups and hence of the nondifferential
type producing slightly weakened heritability estimates by
reducing the number of true total cases resulting in wider
95 % CIs. A slightly higher prevalence estimate might also
have ensued; however, this would not intimidate the basic
assumption in the twin study design as these prevalence
estimates would be evenly distributed between the zygos-
ity groups. The CTD is the most used method to disinte-
grate a particular disease or trait into its genetic and
environmental variance components. However, it has long
been realized that some assumptions in the CTD can lead
to bias in the parameter estimate. This problem has been
discussed in great detail elsewhere [37–39], but briefly
here, in the normal method of fixing parameters in the
CTD, either D or C is fixed to zero in the biometric mod-
eling. This will often cause the additive genetic component
to be overestimated at the expense of the common envir-
onmental component, which is underestimated. The max-
imum bias in the common environmental co-variation
estimate occurs in the AE model, where C is fixed to zero,
when the DZ correlation exactly equals half the MZ cor-
relation, which is the case in our sex-adjusted AE model
[37–39]. Hence, the common environmental component
C in the ACE model appears as an additive genetic com-
ponent in the AE model. In view of this conservatism in
the CTD to fully differentiate common environmental
from additive genetic effects, we find it reasonable, and
even right, to blunt Occam’s Razor, and claim the ACE
model as the most likely interpretation of our data.
In our study we could not adjust for BMI and occupa-
tional exposures, as the registers included did not hold this
information. However, studies on BMI as a risk factor for
THA has been subject to some ambiguity [6, 10, 13]. Sev-
eral studies on occupational exposure and hip OA leading
to THA have been published [11, 14, 15], and some epi-
demiological studies have pointed at certain professions,
i.e., farming and fishing, but primarily in males [5, 14]. A
recent study on occupational cumulative physical
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exposure, and risk of THA due to OA, reported a cumula-
tive exposure to heavy physical work load as a risk factor,
but only in males [15]. In the study by Franklin et al., no
relation between occupation and THA was observed in
women, but a significant risk was found in male farmers
and fishermen [5]. However, a recent study by Andersen
et al. reported an increased risk of THA in female
healthcare assistants and farmers based on a Danish
ational cohort [14]. Occupational exposure to heavy
physical work tasks may moderately increase the risk
of hip OA leading to THA [11, 14, 15], but, so far, no
published twin study on symptomatic or radiographic
confirmed hip OA has suggested a reduction in the gen-
etic influence by adjustment for hip joint straining occu-
pational exposure.
Context
Previously published family and sibling studies have
pointed at a major family predisposition to advanced pri-
mary hip OA [16–18]. Our study supports this notion
by our finding of an additive genetic component of 47 %,
and a common environmental component of 21 % ac-
counting in all for 68 % of the variation in the popula-
tion liability to this disease. None of the few previously
published twin studies on hip OA using the CTD seems
to relate to the methodological weaknesses with respect
to the existence of a common environmental component.
As Keller and Coventry point out, the effects of the com-
mon environment are often underestimated in CTD stud-
ies, and the estimates reported very seldom include the
common environmental variation model fit statistics of
the examined phenotype [37, 38]. The few published twin
studies on hip OA were cross-sectional in design and
based on healthy female twins with radiographic hip OA
or male twins with self-reported hip replacement due to
OA, with heritability estimates, all AE models, from 28 %
to 58 %, respectively. Our sex-adjusted heritability esti-
mate of 47 % is in line with these findings, and our finding
of a common environmental component of 21 % may rep-
resent the effect of taking right censoring into account in
our follow-up study [36].
Common environmental factors include shared family
life with respect to upbringing and cohabitation poten-
tially inflicting a negative association between family fac-
tors and the risk of hip OA in later life. However, a
weakness in the CTD is that it cannot discriminate the
various sources of the shared environment [19]. Despite
this limitation, recent twin studies have reported a sig-
nificant contribution from the shared environment in
the correlation between high education and low BMI
(and the reverse), and low educational attainment has
been reported to be significantly associated with severity
of physical impairment in symptomatic hip OA [46, 47].
It is interesting here to relate to the study by Franklin et
al. in which an intriguing finding was that 83 % of
farmers were found to be sons of farmers [5].
Hip OA is highly associated with age, but does not
manifest in all individuals even of advanced age, and
symptoms may vary from none to severe pain [3–5].
Hence, age-associated joint or cartilage changes may
serve as a basis for initiation of hip OA triggered by risk
factors such as genetic susceptibility, shared influence
from the family environment or the individual environ-
ment, i.e., occupational exposure to heavy lifting has
recently been reported to be associated with early hip
structural abnormalities in 3.0 T magnetic resonance im-
aging [48]. Interestingly, a substantial genetic influence
on the progression of joint space narrowing and osteo-
phytes, as mirrored in radiographic OA as cartilage break-
down, has previously been reported [49]. Correspondingly,
clinical primary hip OA progression, including radio-
graphic signs and symptoms, has recently been reported to
be influenced by genetic predisposition [16]. Interestingly
related to these findings, chondrocyte senescence and
resulting changes due to aging in the cartilage matrix pro-
duce deteriorating functioning and loss of joint cartilage, a
key feature in OA [50]. In this perspective, it is interesting
that Hjelmborg et al. in a large population-based twin
study reported an increasing genetic influence on human
lifespan particularly after the age of 60 [51], in particular as
both the ageing population and the OA prevalence is
highly correlated and increasing. As an intriguing compari-
son, a large twin-based follow-up study recently reported
the age associated changes in bone mineral density to be
highly heritable in younger women, but the heritability
decreased with increasing age to disappear after the age of
65 years [52]. These findings indicate that the genetic influ-
ence on human traits or diseases may be of a more
dynamic rather than static nature.
Implications
The CIF provides a ready instrument to assess the risk
of THA, and may be helpful to clinicians as well as to
healthcare planners as the proportion of the elderly and
old is increasing in western populations. For instance,
Kurtz et al. estimated that the numbers of primary THA
will grow 174 % in the USA from 2005 to 2030 [53].
Our study points out that particularly important in this
development are family factors comprised of genes and
shared environment. The graphical presentation of the
age-associated heritability estimates indicates that in the
elderly individuals genetic factors are important, and
increase with ageing; correspondingly, the individual envir-
onmental factors decrease from 60 years of age. Prevention
is an economically sound instrument and, as the impact of
genes and environment is significant, we propose that pre-
ventive measures should be launched early in occupational
life, and should focus in particular on individuals with a
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genetic predisposition such as a family history of hip OA.
Our finding that the SSDZ correlations did not exceed that
of the OSDZ correlation did not support the existence of
sex-specific genetic effects in this severe form of hip OA,
which may imply that neither sex-specific autosomal nor
X-chromosomal gene expression is of a particular import-
ance. Whether or not sex-specific genetic effects are
present does have important implications for future re-
search. Indeed, in recent years, research in sex-interaction
effects in human diseases has provided increasing evidence
of the existence of sex-specific genetic mechanisms [54].
Our study results may be helpful in future research in the
specific genetic architecture by pointing at the association
between age and genetic influence, as well as development
of preventive strategies.
Conclusion
Family factors of genes and shared environment are
highly significant and account for 68 % of the variation
in liability to THA due to primary hip OA. We found an
age-associated increase in the genetic influence in the
elderly which may explain, at least partly, the age-
associated increase in primary OA of the hip leading to
THA. The cumulative incidence increased in particular
after the age of 50 years extending to a four- to fivefold
increase at the age of 85 years with no significant sex
difference. Studies on the genetic and environmental
mechanisms of the age-associated increase as well as the
specific genetic architecture of hip OA is warranted, in
particular genetic epidemiological studies examining the
genetic and environmental influence on FAI and its rela-
tionship to hip OA.
Abbreviation
BMI: Body mass index; CI: Confidence interval; CIF: Cumulative incidence function;
CTD: Classical twin design; DHR: Danish Hip Arthroplasty Register; DTR: Danish
Twin Register; DZ: Dizygotic twin; FAI: Femeroacetabular impingement;
ICD10: International Classification of Diseases 10; MZ: Monozygotic twin;
OA: Osteoarthritis; OSDZ: Opposite-sex dizygotic twin; PPV: Positive
predictive value; SSDZ: Same-sex dizygotic twin; THA: Total hip
arthroplasty.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
SGS developed the idea and the project, performed statistical analysis and
wrote the manuscript drafts, revisions and final paper. JH developed the
statistical approach based on the idea and calculated statistical analysis,
revised and accepted the final paper. AS participated in the project development,
provided the data from DTR and data maintenance, applied valuable criticism and
revised and accepted the final paper. LPAB participated in the development of
the idea and project, applied valuable criticism and revised and accepted the final
paper. SM calculated statistical analyses, revised and accepted the final paper. SO
participated in the project development, applied valuable criticism to the
statistical approach and results, revised and accepted the final paper. All
authors read and approved the final manuscript.
Acknowledgements
We thank Dr. Alma Pedersen, MD, PhD, for providing the data from The Danish
Hip Arthroplasty Register and also The Danish Twin Register for access to the twin
data. This study was funded by The Danish Rheumatism Association and is a part
of the corresponding authors PhD study funded by the same organization.
Author details
1Department of Occupational and Environmental Medicine, Odense
University Hospital, 5000 Odense C, Denmark. 2Department of Epidemiology,
Biostatistics, and Biodemography, The Danish Twin Registry, Department of
Public Health, University of Southern Denmark, 5000 Odense C, Denmark.
3Department of Orthopaedic Surgery and Traumatology & Orthopaedic
Research Unit, Odense University Hospital, 5000 Odense C, Denmark.
4Institute of Clinical Research, University of Southern Denmark, 5000 Odense
C, Denmark.
Received: 29 July 2015 Accepted: 5 November 2015
References
1. DeBonaventura MD, Gupta S, McDonald M, Sadosky A, Pettitt D, Silverman
S. Impact of self-rated osteoarthritis severity in an employed population:
cross-sectional analysis of data from national health and wellness survey.
Health Qual Life Outcome. 2012;10:30. doi:10.1186/1477-7525-10-30.
2. DeBonaventura MD, Gupta S, McDonald M, Sadosky A. Evaluating the health
and economic impact of osteoarthritis pain in the workforce: results from
the National Health and Wellness Survey. BMC Musculoskel Dis. 2011;12:83.
doi:10.1186/1471-2474-12-83.
3. Birrell F, Lunt M, Macfarlane G, Silman A. Association between pain in the
hip region and radiographic changes of osteoarthritis: results from a
population-based study. Rheumatol. 2005;44:337–41.
4. Lane NE, Nevitt MC, Hochberg MC, Hung Y-Y, Palermo L. Progression of
radiographic hip osteoarthritis over eight years in a community sample of
elderly white women. Arthritis Rheum. 2004;50:1477–86.
5. Franklin J, Ingvarsson T, Englund M, Lohmander S. Association between
occupation and knee and hip replacement due to osteoarthritis: a case-
control study. Arthritis Res Ther. 2010;12:R102. http://arthritis-research.com/
content/12/3/R102.
6. Franklin J, Ingvarson T, Englund M, Lohmander LS. Sex differences in the
association between body mass index and total hip or knee joint
replacement resulting from osteoarthritis. Ann Rheum Dis. 2009;68:536–40.
7. Dagenais S, Garbedian S, Wei EK. Systemic review of the prevalence of
radiographic primary hip osteoarthritis. Clin Orth Rel Res. 2009;467:623–37.
8. Lane NE, Lin P, Christiansen L, Gore LR, Williams EN, Hochberg MC,
et al. Association of mild acetabular dysplasia with an increased risk of
incident hip osteoarthritis in elderly white women. Arthritis Rheum.
2000;43:400–4.
9. Lynch JA, Parimi N, Chaganti RK, Nevitt MC, Lane NE. The association of
proximal femoral shape and incident radiographic hip OA in elderly
women. Osteoarthritis Cartilage. 2009;17:1313–8.
10. Dieppe PA, Lohmander LS. Pathogenesis and management of pain in
osteoarthritis. Lancet. 2005;365:965–73.
11. Juhakoski R, Heliovaara M, Impivaara O, Kroeger H, Knekt P, Lauren H, et al.
Risk factors for the development of hip osteoarthritis: a population-based
prospective study. Rheumatol. 2009;48:83–7.
12. Lubbeke A, Duc S, Garavaglia G, Finckh A, Hoffmeyer P. BMI and severity of
clinical and radiographic signs of hip osteoarthritis. Obesity. 2009;17:1414–9.
13. Jensen LK. Hip osteoarthritis: influence of work with heavy lifting, climbing
stairs or ladders, or combining kneeling/squatting with heavy lifting. Occup
Environ Med. 2008;65:6–19.
14. Andersen S, Thygesen CL, Davidsen M, Helweg-Larsen K. Cumulative years
in occupation and the risk of hip or knee osteoarthritis in men and women:
a register-based follow-up study. Occup Environ Med. 2012;69:325–30.
15. Rubak TS, Svendsen SW, Søballe K, Frost P. Risk and rate advancement
periods of total hip replacement due to primary osteoarthritis in relation to
cumulative physical workload. Scand J Work Environ Health. 2013;39:486–94.
doi:10.5271/sjweh.3365.
16. Pollard TCB, Batra RN, Judge A, Watkins B, McNally EG, Gill HS, et al. Genetic
predisposition to the presence and 5-year clinical progression of hip
osteoarthritis. Osteoarthritis Cartilage. 2012;20:368e375.
17. Lanyon P, Muir K, Doherty S, Doherty M. Assessment of a genetic contribution
to ostheoarthritis of the hip: sibling study. BMJ. 2000;321:1179–83.
18. Spencer JM, Loughlin J, Clipsham K, Carr AJ. Genetic background increases
the risk of hip osteoarthritis. Clin Orthop Relat Res. 2005;431:134–7.
Skousgaard et al. Arthritis Research & Therapy  (2015) 17:336 Page 11 of 12
19. Neale MC, Cardon LR. Methodology for genetic studies of twins and
families. Berlin: Kluwer Academic Publishers; 1992.
20. MacGregor AJ, Antoniades L, Matson M, Andrew T, Spector TD. The genetic
contribution to radiographic hip osteoarthritis in women. Arthritis Rheum.
2000;43:2410–6.
21. MacGregor AJ, Li Q, Spector TD, Williams FMK. The genetic influence on
radiographic osteoarthritis is site specific at the hand, hip and knee.
Rheumatol. 2009;48:277–80.
22. Page FP, Hoaglund FT, Steinbach LS, Heath AC. Primary osteoarthritis of the
hip in monozygotic and dizygotic male twins. Twin Res. 2003;6:147–51.
23. Nuesch E, Dieppe P, Reichenbach S, Williams S, Iff S, Juni P. All cause and
disease specific mortality in patients with hip and knee osteoarthritis:
population based cohort study. BMJ. 2011;342:d1165. doi:10.1136/bmj.d1165.
24. Woolf AD, Pfleger B. Burden of major musculoskeletal conditions. Bull World
Health Org. 2003;81:646–56.
25. Skytthe A, Kyvik KO, Holm NV, Christensen K. The Danish twin registry.
Scand J Publich Health. 2011;39 suppl 7:75–8.
26. Skytthe A, Kyvik K, Holm NV, Vaupel JW, Christensen K. The Danish twin
registry: 127 birth cohorts of twins. Twin Research. 2002;5:352–7.
27. Christiannsen L, Frederiksen H, Schousboe K, Skytthe A, von Wurmb-Schwark N,
Christensen K, et al. Age- and sex-differences in the validity of questionnaire-
based zygosity in twins. Twin Res. 2003;6:275–8.
28. The Danish Hip Arthoplasty Register. Annual report 2010, 2011, 2012.
Copenhagen 2010, 2011, 2012. http://www.dhr.dk/ENGLISH.htm.
29. Pedersen A, Johnsen S, Overgaard S, Søballe K, Sørensen HT, Lucht U.
Registration in the Danish Hip Arthroplasty Registry: completeness of total
hip arthroplasties and positive predictive value of registered diagnosis and
postoperative complications. Acta Orthop Scand. 2004;75:434–41.
30. Falconer DS. The inheritance of liability to diseases with variable age of
onset, with particular reference to diabetes mellitus. Ann Hum Genet.
1967;31:1–20.
31. Kim HT. Cumulative incidence in competing risks data and competing risks
regression analysis. Clin Cancer Res. 2007;13:559–65.
32. Gillam MH, Salter A, Ryan P, Graves SE. Different competing risks models
applied to data from the Australian Orthopaedic Association National Joint
Replacement Registry. Acta Orthopaed. 2011;82:513–20.
33. Ørnulf B. Aalen-Johansen Estimator. Encyclopedia of Biostatistics. 2005. doi:
10.1002/04700/11815.b2a1101.
34. Skytthe A, Perdersen NL, Kaprio J, Stazi MA, Hjelmborg J, Iachine I, et al.
Longevity studies in GenomEUtwin. Twin Res. 2003;6:448–54.
35. Hougaard P. Fundamentals of Survival Data. Biometrics. 1999;5:13–22.
36. Scheike TH, Holst K, Hjelmborg J. Estimating heritability for cause specific
mortality based on twin studies. Lifetime Data Anal. 2014; 20(2):210-33.
37. Coventry WL, Keller MC. Estimating the extent of parameter bias in the
classical twin design: a comparison of parameter estimates from
extended twin-family and classical twin designs. Twin Res Hum Genet.
2005;8:214–23.
38. Keller MC, Coventry WL. Quantifying and addressing parameter indeterminacy
in the classical twin design. Twin Res Hum Genet. 2005;8:201–13.
39. Grayson DA. Twins reared together: minimizing shared environmental
effects. Behav Genet. 1989;19:593–604.
40. Andrew T, Hart DJ, Sneider H, de Lange M, Spector TD, MacGregor AJ. Are
twins and singletons comparable? A study of disease-related and lifestyle
characteristics in adult women. Twin Res. 2001;4:464–47.
41. Ganz R, Parvizi J, Beck M, Leuning M, Nötzli H, Siebenrock KA. Femoroacetabular
impingement. Clin Orth Rel Res. 2003;417:112–20. doi:10.1097/01.blo.
0000096804.78689.c2.
42. Agricola R, Weinans H. Femoroacetabular impingement: what is its link with
osteoarthritis? Br J Sports Med 2015;0:1-2.
43. Agricola R, Heijboer MP, Roze RH, Reijman M, Bierma-Zeinstra SMA, Verhaar
JAN, et al. Pincer deformity does not lead to osteoarthritis of the hip
whereas acetabular dysplasia does: acetabular coverage and development
of osteoarthritis in a nationwide prospective cohort study. Osteoarthritis
Cartilage. 2013;21:1514–21.
44. Diesel CV, Ribeiro TA, Scheidt RB, de Souza Macedo CA, Galia CR. The
prevalence of femoroacetabular impingement in radiographs of
asymptomatic subjects: a cross-sectional study. Hip Int. 2015;25:258–63. doi:
10.5301/hipint.5000250.
45. Hartofilakidis G, Bardakos NV, Babis GC, Georgiades G. An examination of
the association between different morphotypes of femoroacetabular
impingment in asymptomatic subjects and the development of
osteoarthritis of the hip. J Bone Joint Surg (Br). 2011;93-B:580–6.
46. Johnson W, Kyvik KO, Skytthe A, Deary IJ, Sørensen TIA. Education modifies
genetic and environmental influence on BMI. PLoS One. 2011;6:e16290.
doi:10.1371/journal.pone.0016290.
47. Knight JB, Callahan LF, Loung M-L N, Shreffler J, Schoster B, Renner JB, et al.
The association of disability and pain with individual and community
socioeconomic status in people with hip osteoarthritis. Open Rheumatol J.
2011;5:51–8.
48. Teichtahl AJ, Smith S, Wang Y, Wluka AE, O’Sullivan R, Giles GG, et al.
Occupational risk factors for hip osteoarthritis are associated with early hip
structural abnormalities: a 3.0 T magnetic resonance imaging study of
community-based adults. Arthritis Res Ther. 2015;17:19. doi:10.1186/s13075-
015-0535-3.
49. Zhai G, Hart DJ, Kato BS, MacGregor A, Spector TD. Genetic influence on the
progression of radiographic knee osteoarthritis: a longitudinal twin study.
Osteoarthritis Cartilage. 2007;15:222–5.
50. Loeser RF. Ageing and osteoarthritis: the role of chondrocyte senescence
and aging changes in the cartilage matrix. Osteoarthritis Cartilage.
2009;17:971–9.
51. Hjelmborg J, Iachine I, Skytteh A, Vaupel JW, McGue M, Koskenvuo M, et al.
Genetic influence on human lifespan and longevity. Hum Genet.
2006;119:312–21.
52. Moayyeri A, Hammond CJ, Hart DJ, Spector TD. Effects of age on genetic
influence on bone loss over 17 years in women: the Healthy Ageing Twin
Study (HATS). J Bone Min Res. 2012;27:2170–8.
53. Kurtz S, Ong K, Lau E, Mowat E, Halpern M. Projections of primary and
revision hip and knee osteoarthritis in the United States from 2005 to 2030.
J Bone Joint Surg Am. 2007;89:780–5.
54. Ober C, Loisel DA, Gilad Y. Sex-specific genetic architecture of human
disease. Nat Rev Genet. 2008;9:911–22.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Skousgaard et al. Arthritis Research & Therapy  (2015) 17:336 Page 12 of 12
